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Abstract: An EPB shield, drilling in saturated sand with foam conditioning will normally 
experience a reduction of chamber pressure during standstill. The camber pressure reduction 
may endanger the face stability. For drilling in saturated sand the pressure reduction during 
standstill can be modelled with a rather straight forward analytical calculation model. This 
paper describes this calculation model and compares the results of this model with the results 
of measurements at the TBM of the Botlek Rail tunnel. It will be shown that the model 
predicts the trends, but soil permeability according to the model is a bit less then what is 
measured in the laboratory. A possible reason for that will be discussed. The model explains 
the decrease in vertical gradient measured in the mixing chamber during standstill. 
1 INTRODUCTION 
An EPB shield, drilling in saturated sand with foam conditioning will normally experience a 
reduction of chamber pressure during standstill, see Figure 1. In this example, from the 
Botlek Rail Tunnel, see also Section 3, the periods of drilling result in pressure fluctuations. 
During standstill the pressure decreases until there is another foam injection leading to a 
sharp increase of the pressure in the mixing chamber. It seems as if there are periods of 
pressure increase without foam injection, but the plot shows the foam injected at only one of 
the foam injection points and there are 8.    
 It thus necessary to inject now and then foam in the mixing chamber during standstill. This 
demands continuous attention by the TBM operators to avoid a face collapse and requires 
extra foam. Furthermore, this foam injection leads to a reduction of the pressure gradient at 
the tunnel face [1], which can lead to additional ground deformation.  
It is therefore useful to be able to predict the rate of pressure dissipation. The analytical model 
that will be presented in this paper is valid for homogeneous soil in front of the TBM. 
Numerical calculation may be necessary to predict the pressure dissipation for 
inhomogeneous soil conditions. However, the principle explained here can still be used. 
Measurements from the Botlek rail tunnel will be used to validate the model.  
2 THEORY 
An EPB is drilling in saturated sand, using foam, see Figure 2. Model tests [2] have shown 
that there is only limited penetration of the foam into the sand. Therefore, it is possible to 
distinguish two materials in front of the pressure bulkhead: the soil foam mixture in the 
chamber and the saturated sand before the TBM. In this simple model we assume that we can 
describe pressures with one average pressure. The mixture in the chamber will have a higher 
pressure than the pore pressure in the sand in front of the tunnel, see also Figure 2. This will 
create a groundwater flow and excess pore water pressures in the sand [3] [4]. 
 
 
Figure 1. Ring 342: Measured pressures at the pressure bulkhead compared with moments 
of foam injection for one of the lances. The positions pressure gauges are indicated looking 
from inside the TBM to the front.  
 
Figure 2. Sketch TBM with foam and pore pressures in the TBM and the soil. 
Water will flow from the chamber into the soil. There will be only a water flow because from 
the sand-water-air mixture in the chamber, the grains cannot flow into the pores unless you 












































































they have to be small to pass through the pores and as mentioned before they will only have 
a limited penetration. The amount of water that flows from the chamber to the groundwater 
can be derived using ground water flow equations. Bezuijen [4] has shown that by 
approximation the excess pore water in front of a TBM (slurry or EPB) can be described as: 
 )/)/(1( 20 RxRx    (1) 
Where 0 is the piezometric head at the tunnel face in front of the infiltrated zone above the 
pore water pressure far from the tunnel, the piezometric head at a distance x in front of the 
tunnel face above the pore water pressure far from the tunnel. and R the radius of the tunnel, 
assuming a piezometric head of zero far from the tunnel in the pore water, see Figure 2. 






  (2) 
This equation is derived for the flow at the axis of the tunnel, see Bezuijen [4]. However, in 
this paper it is assumed that this is a reasonable approximation for the whole tunnel face.   
Since the total area of the tunnel face is R2 this leads with Darcy’s law to: 
 RkQ 0  (3) 
Where Q is the specific discharge (m3/s) and k the permeability of the soil (m/s).  
The calculation model assumes caused by water flow only described by Equation (3). When 
water flows from the mixing chamber into the soil, the volume of air in the mixing chamber 
can increase leading, according to Boyle’s law, to a decrease in pressure following the 
relation:  
 cVp .  (4) 
Where p is the pressure (kPa) and V the air volume (m3). The derivative of this equation can 
be written as:  
 0 pdVVdp  or 
V
pdV
dp    (5) 
Since dV=Qdt and p= g+pa, where pa is the atmospheric pressure, it is possible to combine 









  (6) 
Where pw is the pore water pressure far from the tunnel. This is a non-linear differential 
equation that can be solved numerically in a spread sheet. However, since p is an absolute 
pressure the variation in p will be relatively limited compared to the variation in p-pw. and 
only a small error is made if it is given a constant value pavg, the average between the original 
pressure in the mixing chamber and the pore water pressure far from the tunnel. With that 
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Figure 3. Pressure reduction in mixing chamber of EPB shield, comparison of numerical 
and analytical solution. 
The analytical solution and non-linear regression offer the possibility to determine the 
permeability of the soil from the measured pressure decay.  
3 COMPARISON WITH MEASUREMENTS  
Measurement data from the Botlek Rail Tunnel were used for comparison. The tunnel was 
drilled in 1999-2000. The tunnel consists of 2 tubes with an outer diameter of 9.65 m each. 
The tunnel crosses a tidal river. The deepest parts go through Pleistocene sand. The 
permeability of the sand differs at different locations. It ranges from 5.8*10-6 until 3.0*10-4 
m/s. Figure 4 (dots) shows the measured pressure in the mixing chamber as a function of time 
after drilling of Ring 618 from the ‘South tube’. The permeability of the soil around this ring 
that was made in Pleistocene sand will be close to the upper limit mentioned, 3.0*10-4 m/s. 
The pressures decay at the various positions at the pressure bulkhead, see Figure 1 for the 
positions of the pressure gauges. The pressure decreases until some extra foam is injected at 
approximately 2800 s. The data from 30 until 2400 s were fitted to Eq. 7 (lines in Figure 4). 
It is clear that the measured pressures fit very well to the exponential decay described by Eq. 
(7). However, Eq. 7 is derived assuming that there is an ‘average pressure’, the data in Figure 
4 show that, as could be expected, the pressures vary over the shield. To compare the data 
with the theory, it is assumed that the air content of the mixture in the mixing chamber is 
55% at the axis of the TBM. This is the average value found at the Botlek Rail Tunnel [1]. 
The air content will be higher in the upper part and lower below the axis due to the different 
pressures in the mixing chamber. However, according to Boyle’s law P.V will be constant in 
the various area’s and a constant value of c can be used in Eq. 7. The pressure (pavg) is adapted 
to the actual pressure in that part of the chamber. With this procedure it is possible to fit the 
measurement data for each position to Eq. 7 and to determine the permeability (k) of the soil. 
This is a valid procedure if the resulting permeabilities are more or less the same and 



































Figure 4. Botlek Rail Tunnel: pressure decay after drilling of Ring 618, south tube, see also 
text. 
 
The same procedure was repeated for Ring 342. The results are given in Table 1 for the 2 
different rings. It appears that the permeabilities found are all quite comparable and that the 
value is a bit lower than what was measured in the soil investigation (3.10-4 m/s). 
Table 1. Average pressure and permeability for different gauges for 2 rings. 











E1 212 1.16e-4 228 1.54e-4 
E3 261 9.05e-5 271 1.28e-4 
E4 296 1.07e-4 318 1.60e-4 
 
 
The procedure can only be used in rather permeable soil in case of regular progress. The 
pressure decay during ring building is to slow in impermeable soil to make an accurate fit. In 
case of low permeability soil the procedure described here can only be used if there is a longer 
period of standstill.   
4  DISCUSSION 
Measurement data from the Botlek Rail Tunnel were used to test the analytical model 
described in this paper. It appears that there is very good agreement between the predicted 
and measured coarse of the pressure decay. However, it also appears that the permeability 
determined from the measurements is 2 to 3 times lower than the permeability for this soil 
layer determined in laboratory. Probably the assumption that there is no penetration of foam 
in the soil at all is a bit too simple especially for the high permeable subsoil present at the 
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in the laboratory is too high, because this is measured at a disturbed sample and this is used 
to determine the permeability of the soil before drilling, thus in an undisturbed state. 
Altogether the agreement is quite reasonable and the model can be used as a first estimation 
of the pressure decay during standstill for an EPB shield drilling in saturated sand. Following 
the theory developed above, the standstill for an EPB shield in sand is never a completely 
stable situation. Foam has to be injected to keep the face pressure high enough to prevent an 
instability of the soil, as shown in Figure 1. Since the water flows out according to this model 
and the air remains in the mixing chamber this has as a consequence that the foam becomes 
dryer and the pressure gradient in the mixing chamber decreases, as also found in [1], leading 
to an increasing mismatch between the soil pressure gradient in the soil outside the tunnel 
and the pressure at the mixing chamber. This is also shown in Figure 5 that shows the course 
of the average pressure gradient after drilling of Ring 618 for the pressure gauges E1 to E4 
and E6 to E9. The positions of the gauges are shown in Figure 1. E5 is not used for the 
gradient since this pressure gauge is influenced by the screw conveyer.  
 
 
Figure 5. Botlek Rail Tunnel: gradient after drilling of Ring 618, south tube.. 
The figure shows a decrease in gradient as is also predicted by the theory. It also shows that 
during injection, the gradient decreases more because more foam is injected at the upper part 
of the TBM. Remarkably the horizontal asymmetry in the gradient, as shown Figure 5, 
remains also during standstill. Possible causes for this asymmetry are discussed in [1]. 
5  CONCLUSION 
A one dimensional model has been presented to describe the pressure decay in the mixing 
chamber of an EBP during standstill.  
In case of permeable soil, the model seems to describe the pressure decay quite well although 
the permeability of the sand according to the model was a bit lower than determined in the 
laboratory during the soil investigation. At the moment the model is tested with just one 
project. Additional validation is needed. The model shows that when drilling in saturated 
permeable sand, the pressure decay is determined by the groundwater flow. The water from 
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pressure in the mixing chamber compared with the pore pressure in the soil around the tunnel. 
This leads to a dryer foam and a lower gradient. The dryer foam could not be validated by 
the measurements, but the decrease in gradient was measured. 
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